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ABSTRACT
Numerical Analysis of Oxygen Transport in Liquid Lead Bismuth Eutectic Systems
by
Xianfang Tan
Dr. Yitung Chen, Examination Committee Chair 
Associate Professor of Mechanical Engineering 
Associate Director, Nevada Center for Advanced Computational Methods (NCACM)
University of Nevada, Las Vegas
Active oxygen control technique is a recently developed effective method for 
mitigating structural corrosions in liquid lead bismuth eutectic (LEE) systems. By 
carefully increasing the concentration of oxygen in liquid LEE, an iron and chrome based 
oxide film can be formed on the surfaces of the structural steels and thus successfully 
prevent the direct dissolution of the steel elements into the liquid alloy.
The proper formation of oxide layers critically depends on the control of the oxygen 
concentration, so it is necessary to monitor the on-line concentration in LEE systems. 
The Yttria-Stabilized Zirconia (YSZ) oxygen sensor has been designed by Los Alamos 
National Laboratory (LANL) for measuring the oxygen level in LEE. The measurement 
range of this type sensor is a few hundreds of ppm to a few tens of ppb using molten 
bismuth saturated with oxygen as the reference. However, the characteristics of this 
sensor have not been well examined at present.
Ill
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To calibrate the YSZ oxygen sensor, a stable, uniform and extremely low oxygen 
concentration LBE environment is required. Due to the low oxygen diffusivity in LBE, 
the enhancement of oxygen transfer is necessary in the calibration system. Mechanical 
oscillation and stir method were successfully used in the lower temperature (<500"C) 
validation experiments of YSZ sensors, but failed to produce a stable and uniform oxygen 
concentration at higher temperature. Natural convection method was thus proposed as an 
alternative strategy for the enhancement of oxygen transport and mixing. Issues related to 
active oxygen control in the designed YSZ calibration LBE system were discussed in this 
thesis, including the determination of proper oxygen concentration level, the strategy for 
oxygen control, the oxygen transfer by natural convection in liquid LBE and the 
formation of oxide layer on the container surfaces.
The finite volume method has been used to solve the numerical models. The oxygen 
transport in buoyancy induced LBE flow in the experimental container is numerically 
analyzed by using the commercial software of Fluent 6.2, with the determination of 
proper oxygen levels for the formation and maintenance of a self-healing oxide layer. The 
flux of oxygen at the interface of gas-liquid and solid-liquid, the oxygen concentration in 
the bulk flow and the rate of oxide layer formation are calculated. The time needed for 
the momentum and energy to reach steady state and the time for the bulk concentration of 
oxygen to reach equilibrium are estimated. The rate of oxide layer formation on steel 
surface under different temperature boundary conditions and diffusivities is also 
calculated. The numerical analysis provides a guideline for the design and setup of the 
apparatus in experiments. Also, the obtained numerical results can be used as a reference 
of experimental results.
IV
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1 Lead Bismuth Eutectic
Lead bismuth eutectic (LBE), a binary alloy lead (Pb) and bismuth (Bi) (about 45 
wt% of Pb and 55 wt% of Bi, phase diagram shown in Figure 1.1 [1]), is currently of 
strong interest worldwide for nuclear applications [2], It has been a primary candidate 
material for high-power spallation targets, and coolant in accelerator driven systems 
(ADS) and in advanced nuclear reactors due to its favorable thermal-physical and 
chemical properties, such as high atomic number, low melting point (-'123.5 "C), high 
boiling point (-1670° C ), low vapor pressure, good neutron yield, fast heat removal from 
the target, chemical inertness resulting in no reaction with air or water [3].
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Figure 1.1 Pb-Bi phase diagram (Provided by IPPE, Obninsk, Russia [I]) ( a = Pb,
P  = Pb^Bi^, y  = Bi)
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However, it is well known that severe corrosion occurs in the presence of liquid lead 
alloys, especially at high temperature [4], In any liquid metal application, the 
compatibility of the container material with the liquid metal must be considered since it is 
recognized that liquid metals have corrosive properties [5]. Steels used in nuclear 
installation will be severely corroded by LBE if they are exposed to LBE directly at 
medium to high temperatures [6], The corrosion in LBE systems is mainly due to the 
relatively high solubility of the major components of steels (such as Fe, Ni, Cr etc.) in 
liquid LBE [7]. Without some protective means to control and mitigate this liquid metal 
corrosion, the structural materials will be thinned and destroyed rapidly, which may 
induce severe safety problems [3]. This corrosion presents a critical obstacle in the 
industrial use of LBE in nuclear systems.
Considerable efforts have been devoted to find ways to reduce corrosion of structural 
materials in LBE systems. One of the central or main techniques in lead-alloys coolant 
technology that has been under development is to use the active control of oxygen 
thermodynamic activity (OTA) to provide protective oxide layers [6]. The active oxygen 
control technique exploits the fact that lead and bismuth are chemically less active than 
the major components of steels [7]. Thus, it is possible to form and maintain an iron and 
chrome oxide-based film on the surfaces of structural steels while keeping lead and 
bismuth from excessive oxidization by carefully controlling the concentration of oxygen 
dissolved in liquid LBE. Once this oxide film is formed on steel surfaces, the direct 
dissolution of the structural materials becomes negligible because the diffusion rates of 
the alloying components are very small in the oxides [8].
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.2 Corrosion by LBE
Full knowledge of the important characteristics of corrosion is necessary in the proper 
design and safe operation of LBE. A few experimental research and development projects 
have been set up by different groups in the world such as Los Alamos National 
Laboratory (LANL) to study the corrosion phenomena and to develop mitigation 
techniques and materials [9]. Many experiments have been carried out on steels exposed 
to flowing or static LBE, with or without oxygen control. Sapundjiev et al.[10] tested the 
corrosion resistance of steels in stagnant liquid lead-bismuth eutectic (LBE) under an 
extremely low oxygen concentration (no oxygen added to the system, <10'''w t.% ).
Severe corrosion was observed at temperatures above 500°C . Furukawa et al.[ll] tested 
the impact of oxygen concentration and temperature on steel corrosion in stagnant lead 
bismuth eutectic (oxygen concentration changes from 10"\ lO’̂ and 10'* wt% and at 
temperature of 500 °C and 650 °C respectively) for up to 10,000 hours. The results 
demonstrated the base metal was protected from corrosion by the formation of a 
magnetite and spinel layer in liquid LBE containing 10'  ̂wt% of oxygen at 550 °C or less, 
not however, at higher temperatures. At 650°C and 10'* wt% of oxygen, a thin mixed 
high chromium spinel layer was observed, while at 10'"̂  wt% of oxygen, multi-layers of 
magnetite and spinel developed, but were broken off and then renewed to protect the 
steels again.
To study the flow-induced corrosion, closed loop systems have been set up for 
experimental investigation of the corrosion rates in LBE systems: Kondo et al. [12] 
investigated the mechanism of erosion and corrosion of steels in flowing LBE with a 
velocity of 2m/s under a very low oxygen concentration (~ 2 x l0 “®wt%) at 550°C for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1000 hours. Severe erosion was observed and the corrosion layer penetrated by LBE was 
found deeper in the steels containing a lower content of Cr. Ilincev et al. [13] [14] tested 
the effect of alloying elements (Fe, Cr, Ni, Mn, Si, A1 and Mo contents in approximately 
20 types of structural steels), the effect of the use of corrosion inhibitor (Ti and Zr), the 
effect of temperature and temperature gradient and flow velocity on corrosion resistance 
in LBE. Barbier et al. investigated the structure of oxide layers on steels exposed to a 
flowing Pb-Bi with a velocity about 2m/s and a maintained oxygen concentration 
( 1 ~ 2x10"® wt% ) at temperature lower temperature (<500"C)[5] [15]. The specimens 
(austenitic steels AISI 316L and 1.4970, and martensitic steels Optifer IV, T91, Batman 
27, Batman 28, EP823 and EM 10) were tested over 3000 hours at 300“Cand 470°C . 
The results demonstrated a good corrosion resistance was observed for all samples at 
300° C and only on some points on the surface of martensitic steel a corrosion product 
(oxide) was irregularly detected (Figure 1.2 (a)); but at 470°C an oxide scale was clearly 
observed on all the martensitic steel surfaces (Figure 1.2 (b)). X-ray maps and electron 
microprobe analyses indicate the oxide layer is composed of two zones: the outer part is 
porous (mainly of Fes04 ) whereas the inner part is compact (enriched in chromium). For 
austenitic steels, even a t470°C , the oxide layer is very thin (thickness<l /Mn)  (Figure 
1.3(a)). In addition, a gain of weight was measured for all samples (Figure 1.4), 
indicating the oxide layer is stable and sufficient to protect the surface. Muller et al. [16] 
investigated the structure of oxide layer at higher temperature and longer exposure time 
(420-600 °C up too 7200 hours). They found that the examined austenitic steel (AISI 
316L, 1.4970) and martensitic steel (MANET lOCr) are suitable as a structural material 
in LBE up to 550 °C for all the test period. The austenitic steels have thin spinel surface
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
layers at 420 °C, but at 550 °C thicker layers like the martensitic steels were detected 
(Figure 1.3(b)). At 600 °C , severe attack occurs for all steels after 2000h exposure 
(Figure 1.3(c)). Zhang et al.[17] tested the corrosion of several US martensitic (HT-9, T- 
410) and austenitic (316/316L, D-9) steels at 460 °C and 550 °C with oxygen 
concentration of 0.03-0.05wppm. The results demonstrated at 550 °C , rod specimens 
suffered severe liquid metal corrosion and slot corrosion; while tube specimens were 
subject to oxidization and formed double-layer oxide films that can be roughly described 
as a porous Fe^O^ outer layer over a chrome-rich spinel inner layer.
(a) At 300'C (b) At 470'C
Figure 1.2 SEM cross-section of martensitic steel (Optifer IV) exposed to flowing 
LBE (Co=l~2xl0'® wt%) (According to Ref. [15])
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.4970
(a) (b)
(c)
Figure 1.3 SEM cross-section of austenitic steel (1.4970) exposed to flowing LBE 
(Co=l~2xl0-^ wt%) : (a) at 470°C[15]; (b) at 550°C[16] ; (c) at 600°C [16]
O 1.4970 
* Optifer IV
3
o
•  EP823
X
E
<
Figure 1.4 Weight variation of steels exposed of flowing LBE at 470°C
(Co=K2xlO-^wt%)[15]
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Although experiments indicate that the temperature, oxygen concentration, flow 
velocity and materials composition play important roles on the corrosion/oxidation 
processes of steel in LBE, the experiment results are still scarce and scattered at present 
[8]. Definitive conclusions or a correlation between corrosion/oxidation and hydraulic 
factors, oxygen concentration and steel composition cannot be reached based on the 
available experimental data [8], Precise simulations of all hydrodynamic and thermal 
conditions encountered in practical systems by use of different flowing conditions in the 
laboratory are difficult and expensive, if  not impossible. Therefore, it is important to 
develop theoretical tools to properly interpret the existing experimental data and apply 
them to practical designs of lead-alloy coolant systems.
Several models have been proposed to predict the corrosion rate in LBE: Celerier [18] 
proposed a model for isothermal flow loop in which axial temperature profile effect is 
neglected and the corrosion is determined by the hydrodynamic parameters and the local 
temperature. Epstein [19] developed a model considering the axial temperature profile 
effects. Saunier et al. [20] developed a kinetic model to study corrosion in a natural
convection lead loop by only taking into account the phenomena of dissolution-
deposition, liquid state diffusion and transport of the dissolved metal in liquid metals. 
Another kinetic model for loop flows incorporating the effects of the axial temperature 
profile has been developed by He et al. [7], and Zhang et al. extends this model for more 
general cases [21]. However, few models are available for the oxide growth in LBE at 
present [8]. Zhang et al. [22] investigated the oxidation mechanism of steels in liquid 
lead-alloys and developed an oxidation model to predict the growth of oxide layer at high 
temperature. Li [6] explored the thermodynamic basis for controlling oxygen level and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the oxygen level in a non-isothermal lead-alloys coolant system. The current 
understanding of corrosion and the fundamental issues relevant to corrosion in LBE are 
summarized in the following several sections.
1.2.1 Mechanisms of LBE Corrosion
Liquid metal corrosion can proceed via various processes; dissolution, formation of 
inter-metallic compounds at the interface, penetration of liquid metal along grain 
boundaries which depend on many factors such as temperature, thermal gradients, solid 
and liquid compositions, and the velocity of the liquid metal [18]. There are two basic 
types of corrosion in LBE: uniform and local (non-uniform) [23]. Uniform corrosion is 
characterized by the uniform damage at the surface of the solid phase by the liquid metal. 
The local corrosion happens when the liquid metal penetrates into the solid metal in the 
areas where zones with a high density of crystal structure defects reach the surface.
Com'ection dif&sion
.“̂ r e ss iv e  liquid phase 
o  j o
o  -------
o  c>
j m j i j im
Xlass transport
Particles or intense 
tubulence of liquid
Phase transport
Cavitation bubbles
WWTTTTT?
Erosion coirosion Cavitation corrosion
Figure 1.5 Representation of the four main types of flow-induced corrosion [24]
When liquid LBE flows over solid metaFalloy surfaces, the velocity of liquid metals 
accelerates corrosion, which is called flow accelerated corrosion (FAC) [24]. There are a
8
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number of mechanisms for interactions between the flow and dissolution. The 
combination of different mechanisms results in four main types of FAC: mass transport- 
controlled corrosion, phase transport-controlled corrosion, erosion-corrosion, cavitation- 
corrosion is shown in Figure 1.5 [24].
Mass transport controlled corrosion occurs when the flow velocity is low in which the 
corrosion rate is determined by mass transfer rate (combined effects of convection and 
diffusion); phase transport controlled corrosion occurs when the flow is multi-phase or 
high turbulent. In this case, the aggressive particles in the liquid moving along the 
protective film surface or the high shear stress at the interface can strip the protective 
films or wear them away, reduce the thickness of the protective film and lead to erosion- 
corrosion. Erosion-corrosion occurs in the areas where the flow changes its direction 
sharply, such as sudden expansions or elbows. In this case the liquid or the aggressive 
particles are thrown against the surface of solid metals, which result in a higher wear 
rates. Cavitation-corrosion occurs when there are cavitation bubbles in the flowing liquid 
metals and the bubbles collapse on solid metal surfaces. The collapse creates micro-jets 
of the liquid metal to the solid metal surface, producing high local pressure and 
destroying the surface, which can lead to brief high stress in the solid metal and cause 
localized corrosion fatigue damage and environmentally assisted micro-ffactures of the 
solid metal.
In liquid metal environment, the corrosion mechanism may involve the following four 
processes [25]:
1) Dissolution of the solid materials into the liquid metal;
2) Thermal and concentration gradient assisted mass transfer;
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3) Redistribution of the interstitial impurities between the solid and liquid metals;
4) Diffusion penetration of liquid metals into solid metals with formation of solid 
solutions or new phases.
The operating conditions determine which process dominates.
1.2.2 Factors Affecting Corrosion in LBE
Factors affecting one of the four processes of corrosion should affect the corrosion 
rate. These factors are divided into three groups: corrosion, metallurgical and 
technological [25]. The corrosion factors include the chemical composition of the liquid 
metal and its solubility in molten metal, the flowing conditions (the pressure and the flow 
velocity), the temperature and its profile, the exposure time, etc. The metallurgical factors 
include the purity of the solid metals, alloying, and the structural state micro structure of 
solid materials. The technological factors include the stress state, formation of new 
phases associated with machining, welding, assembling of structures and the loading 
conditions.
1.2.2.1 Solubility of Metals in LBE
The main driving force for corrosion is the chemical potential for dissolution of all 
solid surfaces in contact with the liquids [26]. The dissolution depends on the solubility 
of corrosion product in LBE and the concentration gradient between the steel surface and 
the bulk flow. The solubility of various metals in liquid bismuth was summarized by 
Weeks [27] while the solubility of various materials in LBE was published by IPPE [28]. 
Generally, the solubility of a metal in LBE, lead and bismuth can be expressed as:
log(c„W%) = y4,+^/T(A :) (1.1)
10
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where and 5^ are constants. Their values for the main components of steels in LBE
are tabulated in Table 1.1.
Table 1.1 Solubility data in LBE (According to IPPE [28])
(wt.%) Fe Cr Ni
A 2.01 -0.02 1.53
-4380 -2280 -843
Li [6] plotted the solubility change of Fe, Cr, and Ni in LBE with temperature, shown 
in Figure 1.6. It illustrates that the solubility of all three components increases quickly 
with increasing temperature and the solubility of Ni in LBE is much higher than that of 
Fe and Cr, which indicates that the Ni content in steels used for containments of LBE 
needs to be reduced or protected to increase the corrosion resistance.
1 0 ‘
1 0 *
g
ij:"
Cr
3
F t
2J.12 1.4 16 21
jooon-ii/K]
Figure 1.6 Solubility of Fe, Cr and Ni in LBE with temperature [6]
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Figure 1.7 Variations of the solubility of Fe with alloy composition of in lead-
hismuth at different temperature [29]
Another factor affects the solubility of species in liquid lead-hismuth alloys is the 
composition of the liquid alloy. Weeks [29] explored the dependence of solubility of 
species on lead-hismuth alloy compositions and the variations of the solubility of Fe with 
the change of lead content in the liquid lead-hismuth alloy at different time was presented, 
which is shown in Figure 1.7. For all the temperatures considered, it illustrates that the Fe 
solubility decreases with increasing concentration of lead, indicating that the pure liquid 
lead is less corrosive than LBE and the corrosion in LBE is mainly from the fraction of 
bismuth in direct dissolution corrosion.
1.2.2.2 Corrosion Rate in LBE
In LBE system, the dissolved corrosion products at steel surfaces will he transported 
into other places in the system by diffusion or flow of LBE. In static isothermal system, 
transport of corrosion products from surfaces to hulk liquid metals is determined mostly
12
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by diffusion which depends on the concentration gradients of those products and the 
diffusion coefficients of them in LBE. The corrosion rate in this case is determined by: 
when the dissolution rate is less than the diffusion rate, diffusion is fast enough to take all 
the dissolved species, thus the corrosion rate is determined by the dissolution rate; when 
the dissolution rate is greater than the diffusion rate, the concentration of corrosion 
products at the interface is always at saturation and the corrosion rate is determined by 
the diffusion rate.
Dissolution depends on the solubility and diffusion depends on the diffusion 
coefficient of the corrosion product and its concentration gradient between the surface 
and the bulk flow. Diffusion coefficient of species in LBE is a function of temperature. 
Many methods have been adopted to calculate the species diffusivity in LBE [18] [30] 
[32] [33], among which the Stokes-Einstein equation is the best suited comparing with 
the experimental results [32] [34]. The Stokes-Einstein equation is expressed as:
D[m̂  I (1.2)
^Tvrii
where // is the dynamic viscosity, k is the Boltzmann constant, r is the radius of the 
diffusion atom and T is temperature of liquid LBE.
The situation is quite different in a flowing system, in which corrosion products are 
transported by both diffusion and convection. The mass transfer of corrosion products in 
flowing liquid metals/alloys is a complex process that depends on many factors. Among 
those external factors influencing corrosion, the flow velocity is of the most importance. 
The impact of velocity on FAC system is shown in Figure 1.8 [15].
13
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Figure 1.8 Velocity effects on the corrosion rate [15]
From Figure 1.8, the effects o f flow velocity and corrosion are summarized as [15]:
1) At low velocities close to zero, i.e., in the absence of induced convection, 
natural convection alone is involved in mass transfer. The corrosion rate is 
completely or partially controlled by mass transfer and increases with 
increasing velocity.
2) Under the influence of moderate induced convection, mass transfer increases 
but mechanical flow effects are absent. In this case the corrosion rate is still 
mass transfer controlled.
3) When the velocity exceeds a critical value (for smooth pipe, RCcriticai »2000), 
the mass transfer rate becomes high enough to transport all the corrosion 
products away for the interface. In this case, the corrosion is independent of 
the flow velocity and is activation controlled. The corrosion rate is determined 
by the dissolution/reaction rate.
4) For very high velocities, the high shear stress at the interface can strip the 
protective film on the surface of the structure. Some cavities appear at the
14
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interface and corrosion rate increases sharply with the flow velocity. For heavy 
liquid metals/alloys such as LBE, erosion-corrosion is likely to oecur at 
moderately high velocities due to their high densities.
In practical nuclear eoolant system designs, case 3) and case 4) should be avoided due 
to rapid and non-uniform corrosion. Therefore, most of the corrosion studies performed 
for liquid metals/alloys is in the mass transfer controlled regime.
1.2.2.3 Effects of Temperature
Temperature is another important factor that affects the corrosion in LBE. The 
dissolution/chemical reaction rates, the corrosion product diffusion coefficients in solid 
and liquid alloys and the liquid metal viscosity are all functions of temperature. 
Increasing temperature will result in higher dissolution rates, higher solubility, higher 
diffusion coefficients, and smaller viscosities all of which will lead to higher corrosion 
rates.
1.3 Approaches to Mitigate Corrosion in LBE Systems
Generally, two approaches can be used to reduce the corrosion of structure materials 
in LBE system: one is to improve the anti-corrosion properties of the structure materials; 
another one is to reduce the corrosive effect of the LBE by adding inhibitors or 
controlling oxygen. The latter one is more attractive to many scientists in research. 
Inhibitors are very effective in reducing the corrosion of steel by forming, for example, 
carbide and nitride films on the steel surface, but they failed to consistently prevent 
corrosion [26]. Considerable efforts were devoted to finding ways of maintaining 
effective protective films on structural materials before mid-1960s, but without much 
success [7]. This problem was first reportedly solved in Russia through the application of
15
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an active oxygen control technique in the Russian nuclear submarine program [28]. This 
approach promotes the formation of protective layer on steel surfaces to prevent direct 
dissolution of metals and oxide precipitation in the eutectic by carefully controlling the 
oxygen concentration in LBE. Only recently is the oxygen control technique intensively 
studied worldwide.
The oxide layer structure of steel in LBE with oxygen control, in principle, depends 
on both steel compositions and hydraulic factors (temperature profile, operating 
temperature and velocity etc.). Generally, there are two possible structures for martensitic 
steels [36]; For temperatures below 550 "C , it is composed of an external magnetite layer, 
FcsO# and a compact internal Fe-Cr spinel oxide layer (Figure 1.9). In some cases, the 
external magnetite layer is not observed. Penetrations of lead are sometimes observed in 
the outer layer. The duplex-layer can protect the steel from dissolution.
Austenitic steels have more Cr and Ni than martensitic steels. The oxide layer formed 
on austenitic steels has the following possible structures [37]: for temperature below 
500"C, the oxide layer is very thin and is composed of the single-layer Fe-Cr spinel, 
which can prevent direct dissolution. For temperature at 550 "C , the oxide layer can 
have either duplex- or single-layer structure, depending on the surface and operating 
conditions. The duplex-layer oxide can prevent steel component dissolution, while heavy 
dissolution is observed when the single-layer forms. For temperature above 550 "C , 
heavy dissolution occurs.
16
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Figure 1.9 The dynamic process of corrosion and oxidation at steel surfaces [38].
The effect of oxygen in liquid lead on the corrosion behaviors o f steels is shown in 
Figure 1.10 [39]. It indicates that when oxygen concentration lower than 10'^ at% in lead, 
corrosion is determined by dissolution of alloy components and the corrosion rate 
increases significantly with decreasing oxygen concentration. Increasing the oxygen to 
above 10'̂  ̂at% (mole fraction), the corrosion is reduced obviously as a protective oxide 
film formed on steel surfaces that prevent the direct dissolution of alloy components and 
the oxide film thickness depends strongly on the oxygen concentration.
200 pxkJation ;
1&« 1E-S 1E-4 1E-3lE-fl IE-7
Oxygen content in lead [at%J 
Figure 1.10 Oxygen concentration effects on corrosion behavior of steels in flowing
pure lead after 3000 hours at 555°C [39]
17
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.4 Oxygen Measurement in LBE
The proper formation of this oxide layer critically depends on the control of the 
oxygen concentration in liquid LBE [6]. The activity of dissolved oxygen in LBE has to 
be high enough to avoid the thermodynamic decomposition of oxide layer, but it also has 
to be controlled to avoid the excessive oxidation of LBE [49]. Determination of the 
optimal oxygen concentration has been widely recognized as one of the critical issues 
that need to be resolved before the general use of LBE coolant is accepted [6]. Accurate 
quantification and control of oxygen concentration in a non-isothermal liquid LBE flow 
loop under high temperature and highly turbulent flow conditions is the first step towards 
the solution of this critical issue. For these reasons, it is necessary to on-line monitor the 
dissolved oxygen concentration in liquid LBE.
Several types of oxygen sensors are under developing for measuring the oxygen level 
in LBE [40]. LANE scientists have designed an automobile-style Yttria-Stabilized 
Zirconia (YSZ) oxygen sensor unit to measure oxygen levels in an engineering-scale 
LBE test system [41]. The measurement range of this type sensor is a few hundreds of 
ppm to a few tens of ppb using molten bismuth saturated with oxygen as the reference. 
The characteristics (sensitivity, response time, reversibility and consistency etc.) of YSZ 
sensors at temperature of 300 "C to 500 °C have been calibrated and the sensors have 
been utilized accurately measure the oxygen concentration in LBE within this range of 
temperature. However, its characteristics at higher temperature are not well understood at 
present and the expectation for developing anti-corrosion strategies in the nuclear plant is 
at temperature 800 °C . So it is urgent to test the characteristics of YSZ sensors at 
temperature above 500 "C .
18
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The apparatus shown in Figure 1.11 was designed for the validation experiments at 
higher temperature [42]. Due to the low oxygen diffusivity (in the order of 1 0 ' ^ / ̂  at 
500 °C [38]) in LBE, the enhancement of oxygen transfer is necessary in the oxygen 
sensor calibration system. The mechanical stirring method used in lower temperature 
experiments was introduced in Figure 1.11. However, it was found that a stirring bar 
(made of Si3N4) is too fragile to stir and mix the liquid LBE. Furthermore, the mechanical 
method cannot easily produce a stable oxygen concentration required for the sensor 
calibration, and it is difficult to predict the time for oxygen reaching the expected level in 
the bulk of liquid LBE with mechanical mixing. A substitute method was proposed to 
solve such problems by Ma et al. [43] by using natural convection to enhance the oxygen 
transport in LBE.
Oxygen
Sensor'
Thermocouple
Vacuum Dc 
Feedthrough Motor
Outlet 
T ubes
Silicon
Nitride
Stirrer
Liquid LBE
:lnlet Tubes
6inch SS 
tube
Cover
Gas
RGA
Metal Flange 
and Gasket 
Arrangement
MSZ Ceramic 
Crucible
SS bucket
Figure 1.11 Schematic of the apparatus for YSZ sensor validation tests [42]
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Numerical simulation of oxygen transport and distribution is very important for the 
experiments of sensor calibration. It can provide guidance for the better design and setup 
of experiments. Numerous researches have been done to investigate the natural 
convection heat and mass transfer in an enclosure for a variety of applications, such as 
crystal growth, cooling o f electronic component, and glass melting [44] [45] [46]. Selver 
et al. [45] investigated natural convection heat transfer of a liquid metal in vertical 
circular cylinders heated locally from the side. Viskanta et al. [48] studied the 3-D liquid 
metal flow in a cavity and found that the average Nusselt number calculated from a 2-D 
analysis can be used as a first approximation to predict heat transfer in a 3-D cavity for 
low-Prandtl-number fluids such as liquid metals. To our best knowledge. Ma et al. [43] 
appears to be the first and the only one who has studied the numerical analysis of mass 
transfer in liquid metal by natural convection. The results demonstrate that natural 
convection is an effective method to enhance the oxygen transfer in enclosure liquid 
metals.
However, Ma’s numerical simulation [43] is based on an ideal assumption of no 
oxygen consumption in experimental LBE system and only a two-dimensional laminar 
flow is considered. In practical oxygen sensor calibration system, the liquid LBE flow is 
usually turbulent and the corrosion/oxidation of structural materials has to been 
considered, especially at high temperature. In addition, after the intense literature reviews, 
there is no numerical simulation of mass transfer in turbulent liquid metal flow by natural 
convection. This thesis is therefore aimed at filling such gaps.
20
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1.5 Purpose of Study
The goal of this thesis is to use numerical method to analyze oxygen transport and 
oxygen behaviors in LBE flow by natural convection and to provide useful information 
for the design and setup for the validation experiment of YSZ sensors at high temperature. 
Different temperature boundary conditions will be designed to induce a natural flow in 
the designed container of LBE and their effects on oxygen behaviors in LBE will be 
numerically investigated and analyzed. Mathematical models of natural convection flow, 
heat transfer and mass transfer will be established and the finite volume method will be 
used to discretize governing equations and the commercial software Fluent 6.2 will be 
used to solve this problem.
Oxygen transfer in simplified two-dimensional natural convection induced laminar 
LBE system will be numerically analyzed. Through the numerical analysis, the time 
needed for oxygen concentration to equilibrium in the bulk flow can be estimated. Based 
on this estimation, the time to start the experiment in practical system after gases are 
introduced to the system can be predicted. Factors affecting the oxygen transport will be 
analyzed and a better operating condition for the enhancement of oxygen mixing will be 
determined. Furthermore, oxygen fluxing into the system and consumption on surfaces of 
the container, and the formation rate of the oxide layer under various temperature 
boundary conditions will be calculated.
To explore further the oxygen behaviors in LBE system, numerical simulation of 
three-dimension laminar flow will be performed. Through a three-dimensional analysis, 
more details of oxygen distribution in the container will be obtained.
21
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As the flows in practical LBE loop systems are usually turbulent, simulation of 
oxygen in natural convection induced turbulent LBE flow will be performed. The effect 
of turbulent diffusivity will be considered and the difference of oxygen behaviors in 
turbulent LBE systems from that in laminar systems will be analyzed.
22
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CHAPTER 2
PHYSICAL MODEL AND METHODOLOGY
2.1 Physical Model
The simplified 2-D geometry of the apparatus used for YSZ sensor calibration (shown 
in Figure 1.11) with different boundary temperature conditions is shown in Figure 2.1 
(assuming the cross section of the container is rectangular), in which liquid LBE fills a 
space of L by L and oxygen is introduced from the top by using cover gas scheme. The 
gap between the top wall of the container and the liquid surface is sufficiently narrow and 
the temperature gradient in this space is negligible and the gas-liquid LBE interface is 
considered as a free surface. Three different temperature boundary conditions are applied 
to the container to induce a natural flow, which are shown in Figure 2.1: for case a 
(Figure 2.1(a)), higher temperature at the bottom and lower temperature at the top of the 
container; for case b (Figure 2.1(b)), higher temperature at the sidewalls and lower 
temperature at the top of the container; and for case c (Figure 2.1(c)), higher temperature 
at one sidewall and lower at the opposite wall. The hot wall and cool wall are both 
assumed isothermal. Other walls are assumed adiabatic.
23
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Figure 2.1 Schematic of the LBE container with oxygen introduced from the top
In numerical analysis, the calculation domain is the L by L space filled by LBE. This 
domain is meshed in Cartesian coordinate with a general-purpose pre-processor named 
GAMBIT. A non-uniform mesh with finer grids in the near-wall region is needed for 
laminar flow. But in turbulent flow, successful computations require some consideration 
during the mesh generation, and the appearance of boundary layers requires a strong gird 
refinement in near-wall region. The grid point distribution scheme presented by Henkes 
et al. [57] and successfully used in the numerical analysis of turbulent natural convection 
in enclosures is adopted in this thesis to discretize the domain,
 .
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J ma?
^ s i n ( 2 ; r ^ ) j = 0 ,
^  y  max
(2.2)
where ẑ iax y^ax are the maximum number of grid points in the x-direction and
a.the v-direction, respectively; or, is derived from the expression = ----- -— , in which
sinh OTj
« 2is chosen close to zero: the smaller a^, the stronger the grid refinement along the 
vertical walls. In this thesis, <%2=0.015 and a, =6.811 are chosen. A ‘mapped’ type mesh
is created. For example, L=0.2m and ẑ ax ~ 7max -  100 , the mesh is shown in Figure
2 .2 :
Grid 100'100
Figure 2.2 Schematic of grids distribution (Grids 100*100)
2.2 Theoretical Background for Oxygen Control in LBE Systems
2.2.1 Thermodynamic Basis for Oxygen Control
The active oxygen control technique is theoretically based on the chemical property 
that lead {Pb) and bismuth {Bi) are chemically more inert than the major alloying
26
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elements in steels {Fe, Cr, and Ni). This is demonstrated in the molar free energy (Gibbs 
energy) needed for the formation of the relevant oxides: the lower the free energy, the 
easier it is to form the oxide. For generally species M, the oxidation of it can be 
expressed as:
(2.3)
Based on the law of mass action, at equilibrium, the free energy is expressed as: 
à F ° ^ - R T \ n K  (2.4)
where AF“ is the standard free energy; K is the equilibrium constant of the reaction 
and can be expressed by the activities of reactants and products in the reaction as:
K  =
aMy
(2.5)
The free energy of the formation of corresponding oxide is a function of temperature, 
which is generally expressed as [49]:
^ F ° = A , + B J  (2.6)
where and R, are constants. Their values for the relevant species in oxygen 
control LBE system are tabulated in Table 2.1.
Table 2.1 Free energy of formation data (according to Oxide Handbook [49])
AF®(j/mol) NiO E60 H^O
A -1108300 -1137700 -237520 -220670 -582070 -245570
313.3 260.5 88.04 101.0 282.0 54.45
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The comparison of free energy for the formation of different oxides is shown in 
Figure 2.3 [6]. It demonstrates that at a given temperature, the free energy needed for the 
formation of Bi^O^ is higher than that for PbO, and both of which are higher than that
for NiO, Fe3 0 4 , and the oxides of the main component of steels. The lower the
free energy, the easier the metal is oxidized. So it is possible to oxidize Fe and Cr to form 
a protective oxide layer on the surface of the structural steels while keeping LBE from 
excessively corrosion by properly controlling the oxygen level.
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Figure 2.3
Temperature [*C]
Free energy for the formation of various species in steels and LBE [6]
At the interface of cover gas and LBE, the dissolution of oxygen into liquid lead- 
bismuth alloy can be expressed as the following chemical reaction:
1 O^igas) = O {alloy) (2.7)
28
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At equilibrium, the chemical potential of oxygen (gas) equals that of oxygen in the 
alloy, accordingly:
\ K ,  = F ° o  ( 2 - 8 )
So, if a standard reference is used (pure 1 atmosphere), the following equation 
can he derived according to Eq. 2.5,
(gas  ) = (alloy ) (2 .9)
where is the partial pressure ofOj and a^is the activity of O in the liquid alloy 
and it is expressed as:
a o ~ 7 o ^ o  (2.10)
where is the activity coefficient of oxygen and is the atom fraction of oxygen 
in LBE.
The solubility of oxygen in LBE is a function of temperature and in the form of mole 
fraction it is expressed as [28]:
log Xo [atVo\ = 2 .3 -  3400 / T[K] (2.11)
Alternately, in the form of weight percentage:
log o [wt%] = 1 .2 -  3400 IT {K ]  (2.12)
Eq.2.9~Eq.2.12 demonstrate the relationship between the oxygen partial pressure in 
cover gas and the oxygen concentration in liquid LBE. The oxygen concentration in LBE 
thus can he controlled indirectly through controlling the partial pressure of oxygen in the 
cover gas.
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The dependence of solubility of oxygen on temperature in LBE, according to Eq. 2.12, 
is shown in Figure 2.4. It illustrates that the solubility of oxygen obviously increases with 
the increase of LBE temperature.
&
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Figure 2.4
Temperature°C
Oxygen solubility in LBE (according to IPPE and Muller [41])
2.2.2 Operating Conditions for Oxygen Control
In oxygen control LBE system, the activity of dissolved oxygen has to be high 
enough to avoid the thermodynamic decomposition of oxide layers. Also it has to be 
lower than the oxygen activity of PbO precipitation, which might clog or damage the 
systems, or might provide a source of oxygen that cannot be easily removed [50]. The 
required oxygen level is very low in oxygen control LBE system, so it is very difficult to 
direct control the activity of oxygen in LBE. Based on the relationship of the activity and 
partial pressure of oxygen, the concentration of oxygen can be controlled through 
controlling the partial pressure of oxygen in the cover gas in LBE system. The range of
30
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the partial pressure of oxygen in the cover gas on LBE can be determined by the 
following steps:
The maximum oxygen partial pressure should be controlled to avoid precipitation of 
PbO (the main contamination in liquid LBE). The reaction of Pb oxidization is:
Pb + O(alloy) = PbO (2.13)
Based on Eq.2.5, the equilibrium constant of this reaction is:
jj: _ ^ £ ^  = e x p ( - ^ ^ )  (2.14)
As lead is the main composition of the alloy, so is reasonably to be assumed unity.
The partial pressure of oxygen can be expressed as:
AF°
< ' = ^ n = ^ r ,K ,e x p ( - ^ )  (2.15)
The activity of PbO, according Henry’s law, is expressed as:
= (2.16)
^s,0 ^s,0
When oxygen is saturated, PbO will precipitate from LBE. Thus, the partial pressure 
corresponding to saturated oxygen is the upper limit of oxygen control and is expressed 
as:
e x p ( ^ )  (2.17)
or
(2.18)
Over this limit, PbO will precipitate from LBE, which might clog and destroy the 
LBE system.
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be reduced by lead and bismuth if little or no iron exists near the solid-liquid interface, 
the reaction is expressed as:
^  Fe,0 ,  + Pb{alloy) = ^ F e  + PbO (2.24)
However, if the oxygen level is maintained at proper levels, the reaction in Eq.2.24 
will stop when the concentration of Fe in the wall-near area reaches equilibrium and the 
protective film becomes self-healing. In such case the concentration of Fe in the wall- 
near region is orders of magnitude lower than the solubility of Fe in LBE, and the rate of 
corrosion via dissolution is significantly reduced [7]. If the oxygen concentration is 
allowed to decrease, then the protective film will be destroyed and the Fe concentration 
will keep increasing until it reaches solubility, which would be too severe for safe long­
term operation. The equilibrium constant of Eq. 2.24 is:
^ 3  =  =  exp( -  (2.25)
^Pb^Fe^O^
where, ~ 1 because Pb is the main component of the liquid alloy; = 1 
because it is assumed non-soluble in LBE; (based on Eq. 2.16,);
ap  ̂ = —^  (based on Henry’s law). Therefore, derived from Eq. 2.25, the thermodynamic
^F e ,s
activity of oxygen and oxygen concentration needed to support the self-healing oxide 
layer in LBE systems are:
log a g  = log C o  -  log c„ ^
3 . ,  .
= - - ( I o g c , .- I o g c ,„ )+  2.3037(7-
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The required partial pressure in practical oxygen control systems is that sustains the 
self-healing oxide.
2.2.4 Strategy for Oxygen Control
Several kinds of gas mixtures can be used as cover gases in LBE system, such as 
0^1 H ^ l  H^O  and /  CO! CO2 . The mixture 0^1 I H^O  is particularly attractive 
because the hydrogen can be used to reduce PbO contaminant as well [6]. The 
concentration of oxygen in LBE is in the order of tens of ppb, which makes it nearly 
impossible to directly supply oxygen to its desired level. As a better alternative, a 
hydrogen and water steam system {H2 /H2 O steam) is used. This method is based on the 
following principle;
H  2 + 2 = H  (2.27)
The reaction equilibrium constant is;
(2.28)
Here, AF^^o is the free energy of formation of water at temperature T. It is evident
from the above equation that the ratio of the partial pressures of Hz and H2O determines 
the partial pressure of oxygen:
l „ g P „ , = 2 ( l o g ^ . ^ )  (2.29)
til
By controlling the ratio of  ̂ desired Oj concentration can be obtained.
The allowed range of andZ/jO in the cover mixture gas for oxygen control LBE 
systems is shown in Figure 2.5 [6]. The proper ratio of /7^^ in the mixture cover gas
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should be lower but better near the boundary determined by PbO formation for the 
formation of oxide layer.
(PW)),——
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Figure 2.5 Operating range of the ratio of H2 and H2O for oxygen control [6]
2.3 Mathematical Model
2.3.1 Mathematical Model for Laminar Flow and Heat Transfer
The governing equations for natural convection flow and heat transfer in enclosed 
spaces are the conservation of mass, momentum and energy. Under the conditions of 
incompressible Boussinesq fluid with the assumption of constant thermo-physical 
properties, the momentum and heat transports for laminar flow are described by the 
following continuity, momentum and energy equations with the Boussinesq 
approximation [51]:
V-M = 0 (2.30)
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du + {Û-V)ü = - - V p - I 3 { T - T , ) g  + ̂ V^Ü 
gf /7
— + (« -v ) r  = « v ' r
(2.31)
(2.32)
where, « is the flow velocity vector (u, v and w are the velocity components along 
the X, y and z directions, respectively); p  is the pressure; T is the temperature of LBE; 
Lgis the reference of temperature, in this thesis, which equals the mean of the higher
rr _
temperature and lower temperature at the boundary, that is ̂  o ~  _ ; g is the vector of
gravity acceleration; P , p , p  and a  are the thermal expansion coefficient, density, 
dynamic viscosity and thermal diffusivity of LBE, respectively. In this thesis, the 
numerical analysis is performed with an operational temperature of 500 "C . The 
properties of LBE at this temperature are shown in Table 2.2 [43].
Table 2.2 Properties of liquid lead-bismuth eutectic (LBE) at 500°C [43]
Density p (kg/m3) 1.012e4
Dynamic viscosity p (kg/m/s) 1.376e-3
Kinetic viscosity v(m2/s) 1.360e-7
Thermal diffusivity a  (m2/s) 9.889e-6
Thermal expansion coefficient p (1/K) 1.151e-4
Thermal capacity (kJ/kg-k) 146.545
Thermal conductivity K (W/m-K) 14.655
36
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Without any knowledge of the pressure field, the velocity field of this 2-D flow can 
be described by the vorticity equation, which can be written as [52]:
— -F(w .V )0 = ^ g — (2. 33)
dt dx p
where <5 = V x m is the voriticity. In 2-D and incompressible case, cb can be
S V  1 . ,, . . .  diff— — + — —) , where y/ is the stream function, and u = ----
duf
dx
Choose the scale of length, velocity and time as L, ^PgLAT  and t  ̂
------------- (where, AT = T^~ ), respectively. Let X  = — ,Y  = — ,t* =— ,U  = ^
V hcû T — T
V = — , Q = -----  and © = --------—. Then the dimensionless equation of vorticity and
energy are expressed as:
^  + (L*V)Q = — + — V 'Q  (2.34)
gf a v  Re
g 0  I t
^  + ( V V ) 0  = — V '0  (2.35)
g /  f e
Where, Re = is the Reynolds number; Pe = RePr = is the Peclet
p  a
number, which is the measure of the relative magnitude of heat transfer by convection to 
heat transfer by conduction.
Impermeable and non-slip boundary conditions are applied to the velocity at 
container surfaces. Isothermal boundary conditions are applied to the temperature at hot
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walls and cold walls, while adiabatic boundary conditions are applied at other walls. In 
summary, the dimensionless boundary conditions for velocity are:
A tX = 0 ,0 < Y < l:U = V  = 0; (2.36)
A tX - l ,0 < Y < l:U = V  = 0; (2.37)
A tY =0, 0< X < 1:U = V  = 0; (2.38)
A tY = l,0 < x < l:  V =0, —  = 0
gy
The dimensionless temperature boundary conditions are: 
For Case a:
(2.39)
g ©A tX = 0,0< Y <  1: —  = 0 
gW
(2.40)
g©
A tX = l,0 < Y < l:   = 0
g%
(2.41)
A tY =0,0<X  <1: © = 1
At Y=1,0<X <1: © = 0
For Caseb:
(2.42)
(2.43)
At X=0, 0<Y <1: © = 1
At X=T 0<Y <1: © = 1
g ©
At Y=0, 0<X <1: —  = 0gy
(2.44)
(2.45)
(2.46)
At Y=1,0<X <1: © = 0
For Case c:
(2.47)
AtX=0, 0<Y <1: © = 1
A tX = l,0< Y  <1: © = 0
(2.48)
(2.49)
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5©
At Y=0, 0 <X < 1 : —  = 0 (2.50)gy
g©
A tY = l ,0 < X < l : ----= 0 (2.51)gy
In 3-D analysis, the boundary conditions for velocity and temperature in x and y 
direction are the same as that of 2-D analysis, in z direction, non-slip boundary condition 
for velocity and adiabatic condition for temperature are applied.
2.3.2 Mathematical Model for Mass Transfer in Laminar LBE
In general, under incompressible conditions, the following convection-diffusion 
equation is used to calculate the mass transport in flowing liquid system [21]: 
d c^  + («*V )c = - V « /  + ̂  (2.52)
Where c is the concentration of product under study (in this thesis is the concentration 
of oxygen), q is the net production (consumption) rate due to chemical reactions in the 
liquid, and it can be negligible in our study by assuming the reaction term contributes
little to the mass transfer in bulk fluids, so q=0. J  is the diffusion flux of oxygen and is 
expressed as:
J  = (D .+ 2 ),)V c  (2.53)
where is the molecular diffusion coefficient and D, is the turbulent diffusion
coefficient of oxygen in LBE.
For laminar flow, J  is simplified as /  = DVc, where, D is the molecular diffusion 
coefficient of oxygen in LBE. According to the estimate of Zhang and Li [21], the 
oxygen diffusion coefficient in the liquid lead or LBE, is in the order of 10'* m^/s at
500'C .
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To determine the boundary of oxygen concentration, assuming the dissolving process 
is at equilibrium and the oxygen concentration is uniform at the gas-liquid interface. It is 
obvious that this concentration of oxygen is the maximum concentration ( ) in the
LBE flow. As analyzed in section 2.2.4, the proper oxygen pressure is better selected near
p
the boundary determined by PbO formation. Based on Figure 2.4, select — — = 10  ̂ (at
Ph,
=500"C) as the cover gas, which can provide sufficient oxygen for formation and 
maintenance of a self-healing oxide layer on steel surfaces while prevent the precipitation
p
of PbO in LBE. Substituting —̂  = 10  ̂ into Eq. 2.29, and the free energy of H2O can be
calculated by Eq 2.6 and Table 2.1 at the operation temperature of 500"C, the following 
oxygen pressure in the cover gas is determined:
l o g P „ , = 2 ( l „ g ^ . ^ ) . - 2 1 . 5 0  (2.54)
Using the relationship between oxygen pressure in the cover gas and the 
concentration in LBE, the following equation is obtained:
l/21ogPo, =log*o = log Co -lo g c ,^  (2.55)
The solubility of oxygen in LBE at 500 "C is determined by Eq. 2.12, thus the 
following concentration of oxygen at the free surface of LBE is derived from Eq. 2.54 
and Eq. 2.55:
loĝ ô.max ~ -3.84 (2.56)
At the steel-liquid metal interface, the oxygen concentration is maintained to sustain 
the oxide layer and this concentration depends on the concentration of iron at the
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interface. At T=500 "C , the solubility of Fe, based on Eq. 2.6 and Table 2.1 is 
logCf^^(w t% ) — —3.66 . As analyzed in section 2.2.3, the iron concentration at the
interface of oxide layer and liquid LBE is at equilibrium and its magnitude is orders 
lower than the solubility of iron, so it is reasonable to assume the surface concentration of 
Fe is: logc^^(wt%) » -6  . Then the following oxygen concentration at the solid-liquid 
interface is determined based on Eq.2.26,
3 „  .  ̂ 1/4AE’“
ïogCo.,„,(w^%) =  logCo,, - - ( l o g c ^ ,  - l o g C f , , J  + -----  2 303 RT
«-6.44 (2.57)
Scaled concentration by , the normalized convection-diffusion equation is
expressed as:
— + (F»V)C = — 
dt Re Sc
(2.59)
where Sc = is Schmidt number. 
pD
The normalized boundary conditions for concentration of oxygen are:
At X=0, 0 < 7  < 1 : C=
A tX=l, 0 < F < 1 :  C=
'  O ,sur
'  0,max
'O .sar
' O.max
-6.44+3.84
=  10
; 0.0025
0.0025 (2.60)
(2.61)
At Y=0, 0 < A  < 1 : C=
A tY =l, 0<  A < 1 :  C=1
'0 ,s u r
' 0,max
'0.0025 (2.62)
(2.63)
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2.3.3 Mathematical Model for Oxygen Transport in Turbulent LBE
In pure natural convection, the strength of the buoyancy-induced flow is measured by 
the Rayleigh number:
Ra = gPSTl]p I p a  (2.64)
Rayleigh numbers less than 10* indicate a buoyancy-induced laminar flow, with 
transition to turbulence occurring over the range of 10* <Ra<10’° , and fully turbulent 
withRa>10'°.
Applying the Boussinesq approximation and the standard k - e  model, the Reynolds- 
averaged equations for mass, momentum and energy conservation in turbulent flow by 
natural convection in 2-D enclosure reduce to [55]:
^  + ^  = 0 (2.65)
dx 8y
+ + + . , ) ( 2 f i ) ]  + ^ [ ( v  + . , ) ( ^  + ̂ ) ]  (2.66)
dx oy p  OX OX ox oy qy ox
u ^  + y ^  = - - ^  + g M r - r j  + -^[(y  + y , X ^  + ^ ) ] + -^ [ (y  + y ,X 2 ~ )]  (2.67)
dx dy p  oy dx dy dx dy dy
+ = + — + + — ) %  (2.68)dx dy dx Pr <jj. dx ^  Pr (Tj dy
Two transport equations are:
u ~ * v ^ ^ ^ [ ( y  + ̂ ) ^ ] r ^ { ( y  + ^ ) ^ ] * P , + G , - s  (2.69)
dx dy dx <j  ̂ dx dy dy
+c.A ) -< : s2̂ '1j  (2.70)
ÔX ^  ac OK ^  (j^ ^  k
where
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v , = c , —  (2.71)
f . . . , , 2 ( § i ) ' + 2 ( ^ ) ' + ( ^  + ̂ ) ' ]  (2.72)
OX oy oy ox
V ÔT
G* = — (2. 73) 
O-r ^
The Boussinesq approximation is valid if J 3 { T -T ^ )« \.  The constants are chosen as: 
Gj. -  0.9 (turbulent Prandtl number for T); =1.0 (turbulent Prandtl number for k);
G  ̂ =1.3 (turbulent Prandtl number for e ); Q , = 1.44 , = 1.92 , C  ̂ = tanh and
=0.09.
The boundary conditions for k and £ are at all walls k=0 and s  is sufficiently large 
to have a negligible influence on the velocity and temperature solution respectively.
For the oxygen transport, the convection-diffusion equation shown in Eq. 2.52 is 
applied and simplified as:
—  + (w # V)c = -(D  + D, )V"c (2.74)
dt
Vwhere D, = is the turbulent diffusivity; 5c, is the turbulent Schmidt number
which measures the relative diffusion of momentum and mass due to turbulence and is on 
the order of unity in all turbulent [56]. The value of turbulent Schmidt number is an 
empirical constant. Its default value is 0.7 for turbulent models in Fluent 6.2. The 
boundary conditions of oxygen concentration are assumed the same as that in the laminar 
flow.
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2.4 Finite Volume Method [58][59][60]
After selecting the mathematical model, a suitable discretization method has to be 
selected. The commercial Fluent 6.2 software has been used for the numerical simulation, 
in which the discretization method is the finite volume method (FVM).
The FVM is a numerical method for solving partial differential equations (PDF) that 
calculates the values of the conserved variables averaged across the volume. The FVM 
uses the integral form of the conservation equations as its starting point. Assume ^ is a 
generic conserved intensive property (for mass conservation, (f> =1; for momentum 
conservation, ^ = « ; for conservation of a scalar, (j> represents the conserved property 
per unit mass), then the integral form of the generic conservation equation can be 
expressed as:
Ô | /̂?(zirfQ+ ^p q û * h d S  = ^Ygradq*iidS  + ^q^dD. (2.75)
dt
For simplicity, steady-state is considered. Assuming the velocity field and all fluid 
properties are known, then the generic conservation equation becomes:
^p(t>u • ndS = ^Ygradq  • ndS + ^q^dQ. (2.76)
The solution domain is subdivided into a finite number of contiguous control volumes 
(CVs) by a grid which defines the control volume boundaries, and the conservation 
equations are applied to each CV. At the centroid of each CV lies a computational node 
at which the variable values are to be calculated. Interpolation is used to express variables 
at the CV surface in terms of the CV center values. Typical 2-D Cartesian control 
volumes with the notations are shown in Figure 2.6. For maintenance of conservation, it
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is important that CVs do not overlap; each CV face is unique to the two CVs which lie on 
either side of it.
WE
N W
aw
nw ne
"e
sw SI
NE
n
Ax
EE
Ax
Figure 2.6 A typical control volume for a Cartesian 2D grid
A typical 2-D CV is taken as an example. Its surface is subdivided into four plane 
faces {S^,S^,S^  and 5„ ) on which ‘e’, ‘w’, ‘s’ and ‘n ’ represent the center of the surface; 
‘ne’, ‘nw’, ‘sw’ and ‘se’ represent the comer nodes and P is the centroid. Thus, the net 
flux through the CV boundary is the sum of integrals over the four CV surfaces:
[ f d S ^ ' g [ f d S  (2.77)
where f  is the component of the convective ( p(jiv • « ) or diffusive ( Ygrad(j) • n )  
vector in the direction normal to CV surface. As the velocity field and all fluid properties 
are known, thus quantity ^  is the only unknown in f.
45
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A typical CV face ( 5  ̂) is taken as an example to calculate the surface Eq. 2.77, the 
analogous expressions may be derived for all faces by making appropriate index 
substitutions. To calculate the surface integral on 5, , an approximation must be
introduced because only the CV center values of f  are known. Approximation is best 
done using two levels: a) The integral is approximated in terms of the variable values at 
one or more locations on the cell face; b) The cell face values are approximated in terms 
of the CV center values.
The simplest approximation to the integral is the midpoint rule that can be expressed
as:
7". = 1 / 4 S » / A  (2.78)
where is the value off  at the center of face 5 ,.
Another second order approximation of the surface integral in 2D is the trapezoid rule, 
which leads to:
77 = f / 4 S « f - ( / „ + / . . )  (2.79)
In this case the integrand at the CV comers are needed. For higher order 
approximation, the integrand is needed at more than two locations. For example, using 
the Simpson’s mle, a fourth-order approximation of the integral over is estimated as:
F, = [  fd S  » ^ ( / „  + 4 / ,  + / „ )  (2.80)
Here the values of /  are needed at three locations: the cell face center and the two 
comers.
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As the values of f  is unknown on , the values of and have to be
expressed in terms of the values of CV centers by interpolation ( if  velocity field and 
other properties are know, then only the values of quantity ^  needs to be approximated). 
Many interpolation methods have heen developed, several of which widely used such as: 
The upwind interpolation, linear interpolation, quadratic upwind interpolation (QUICK) 
are reviewed in this thesis.
(1) The upwind interpolation is also named as upwind differencing scheme (UDS), in 
which the value of (j) on cell face, for example (j)̂  on 5 ,, is approximated hy its value at 
the node upstream of ‘e’ using a backward or forward difference approximation for the 
first derivative:
iT ( v " » ) .> o
(2.81)
£ , i f  (v • n), < 0
The UDS approximation is a first order scheme because it retains only the first term 
of the Taylor series expansion. It will never yield oscillatory, hut it is numerically 
diffusive as its leading truncation error term is diffusive.
(2) Linear interpolation is another straight forward approximation for the value at CV 
face center between two nearest nodes. For example, at location ‘e’, ^^is approximated 
by:
~ ^ e) (2.82)
where the linear interpolation factor is defined as:
(2.83)
Xe
47
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The linear interpolation retains the first two terms of Taylor series expansion. It is the 
simplest second order scheme and is the one most widely used.
(3) The quadratic upwind interpolation, also named as quadratic upwind 
interpolation for convective kinematics (QUICK), approximates the variable profile 
between P and E by a parabola instead of a straight line as in linear interpolation. To 
construct a parabola, data at one more point are needed, in accord with the nature of 
convection, the third point is taken on the upstream side, i.e. W if flow is from P to E (i.e.
> 0 ) or EE if < 0 . Thus:
+ (1 -  g] + g2 w,, > 0
(2.84)
+ 0  -  g] + &4 , yôr W,, < 0
where the coefficient g. can be expressed in terms of the interpolation factors:
(2.85)
1 + 4 , , - V
2
(2.87)
1 + ^e.E -  \ p
g . = (2.88)
i ^e,E '̂ e.P
This quadratic interpolation has a third order truncation error on both uniform and 
non-uniform grids.
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Some terms in the transport equations require integration over the volume of a CV. 
The simplest second-order accurate approximation is to replace the volume integral by 
the product of the mean value and the CV volume:
= (2.89)
where is for the value of q at the CV center. Since all variables are available at
node P, this quantity is easily calculated and no interpolation is necessary.
An approximation of higher order requires the values of q at more locations than just 
the center. These values have to he obtained by interpolating nodal values or equivalently, 
by using shape function.
Fluxes through CV faces coinciding with the domain boundary require special 
treatment, which must be either known or be expressed as a combination of interior 
values and boundary data. Since there are no nodes outside the boundary, these 
approximations must be based on one-sided differences or extrapolations.
One advantage of the FVM over finite difference methods (FDM) is that it does not 
require a stmctured mesh (grids are based on some regular distribution of the nodes), 
although a structured mesh can also be used. Furthermore, the FVM is preferable to other 
methods as a result of the fact that boundary conditions can be applied non-invasively 
because the values of the conserved variables are located within the volume element, and 
not at nodes or surfaces. The FVM is especially powerful on coarse non-uniform grids 
and in calculations where the mesh moves to track interfaces or shocks.
2.5 Benchmark Study
Benchmark is important in research, especially in numerical simulation. It provides 
the validation of the tools and the base for the further effort. In this thesis, benchmark
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studies have been done to validate the effectiveness of Fluent 6.2 in the numerical 
analysis of the mass transfer in natural convection induced enclosure metal flow, for both 
laminar flow and turbulent flow.
After the intense literature reviews, there is no numerical study on natural convection 
induced enclosure turbulent metal flow at present. As similar research on air flow has 
heen widely performed both numerically and experimentally, in this thesis, benchmark 
has been done by using Fluent 6.2 to solve this classical problem. Flenkes et al. [57] 
defined a standard case concerned air in a square, heating at the left sidewall, cooling at 
the right sidewall and other walls adiabatic. Different numerical models were used to 
solve this problem and the results were compared with each other and with available 
experiments presented by R. Cheesewright el al. [47] [53] and K.J. King [35]. The results 
presented a reference for the study of turbulent natural-convection air flow in enclosures 
at high Rayleigh number.
The Prandtl number and Rayleigh number are the two characteristic numbers of
g f à l É  P  , 0  Y
natural convection problems. In the benchmark, Ra= =5x10 and Pr= — =0.71
fia a
are the same as that in Henkes et al. [57] study.
Figure 2.7 shows the comparison of the contours of solution structure obtained in this 
thesis by using the standard k- s  model and Fluent 6.2 with that presented by Henkes et 
al. [57]. Good agreement in shape of contours of temperature, stream function and 
turbulent viscosity is easy to find. Due to the high Rayleigh number, the flow becomes 
turbulent and thin boundary layers have formed along the walls, the core of the enclosure 
is thermally stratified and horizontal isothermal lines and streamlines are observed, and
the turbulence is concentrated in part of the vertical boundary layers.
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(a) Isotherms (b) Streamlines
(c) Turbulent viscosity 
Figure 2.7 Compare of the solution structure (Thin lines are results obtained in this
thesis; Thick lines are results provided by Henkes et al. [57])
Figure 2.8 shows the comparison of the heat transfer at the vertical left hot wall Nu
Ra^'^
L dT
(where Nu is the local Nusselt number defined by Nu = - [— ) with the existing
AT ÔX
experimental results presented by K.J. King [35]. Due to an insufficient isolation and heat
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loss in experiment, the measured wall heat transfer along the hot wall is considerably 
above the values by numerical method. The maximum lower prediction of heat transfer 
obtained by Fluent 6.2 is about 33% lower than that of the experiment value.
0 .15
experimental, 
King (1989): 
•  hot wall 
numerical 
—  standard k - t
1/3
0 .1 0
0.05 —
0.00
ylH .0
Figure 2.8 Comparison of the numerical solution of heat transfer at the hot wall with
experimental result [35]
e x p e r im e n ta l .
•  Cheesewright & Ziai (1986) 
numerical 
—  standard k - z
T - T ,
AT
0 . 5 -
0.0
y/H 1 . 0
Figure 2.9 Comparison of the numerical solution of temperature at x/L=0.5 with
experimental result [47]
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Figure 2.9 shows the temperature obtained by numerical method with that measured 
by experiments [47]. Due to the insufficient isolation in experiment, the center 
temperature (at y/H=0.5) is only about 0.38, which is blow the symmetry value of 0.5, 
while the numerical solution obtained by Fluent 6.2 is near this theoretical symmetry 
value.
300.
200 .
experimental.
King (1989):
•  hot wall 
 numerical standard k - t
100.
y/H
Figure 2.10 Comparison of the numerical solution of wall shear stress with
experimental result [35]
Figure 2.10 shows the comparison of the numerical solution of shear stress at the hot 
wall with that of experimental results. The maximum difference is less than 15%, which 
is in good agreement consideration the effect of the insufficient insulation in experiments.
2.6 Simulation Scheme and Grid-dependence Study
A ‘mapped’ mesh based on Eq.2.1 and Eq 2.2 is used to discretize the geometry of 
the computational domain. Finite volume method is used to discretize the governing 
equations and Fluent 6.2 is selected to solve this problem, the body force weighted
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scheme for pressure, the first order upwind scheme for momentum, energy and 
concentration, and the SIMPLE scheme for velocity-pressure decoupling are chosen. In 
addition, in the numerical simulation of turbulent flow, the under-relaxation factors are 
reduced from their default values to 0.2, 0.5, 0.5 and 0.5 for pressure, momentum, K, and 
epsilon respectively.
Mesh independence is a crucial step for numerical simulation. It guarantees code and 
algorithm to produce as accurate results as it can and, at the same time, removes errors 
brought in by using different mesh sizes. In our study, a grid sensitivity study is 
performed on a 2-D laminar LBE flow and the oxygen transfer by natural convection in 
the enclosure shown in Figure 2.1, by refining the grid from 100*100 to 120*120, and to 
150*150.
The results for the temperature boundary condition of Case c (Figure 2.1 (3)) are 
presented. The simulation is done under conditions of Ra=67083.6, and Sc=2.72.
  Grid 100*100
 Grid 120*120
  Grid 150*150
0.8
I  0.6
0.4
0.2
0.5
Y=y/L
Figure 2.11 Temperature dependence on girds (at X=0.5)
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  Grid 100*100
 Grid 120*120
  Grid 150*150
0.8
0.6
0.4
I—
0.2
0.5
X=x/L
Figure 2.12 Temperature dependence on grids (at Y=0.5)
Figure 2.11 and Figure 2.12 show the temperature change with the refinement of 
grids at the surface of X=x/L=0.5 and Y=y/L=0.5, respectively. It is found that when 
grids are refined from 100*100 to 120*120, and then to 150*150, the change of 
temperature on the surface x/L=0.5 is very small and negligible. At surface Y=0.5, it is 
found that the change in the middle area is bigger than other place with grid refinement: 
at X«0.34, temperature changes from 0.450 to 0.435 and to 0.420 with the biggest 
change of magnitude, decreasing about 3.3% and 3.4% respectively with the refinement 
of grids.
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  Grid 100*100
 Grid 120*120
  Grid 150*150
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Figure 2.13 Velocity (magnitude) dependence on grids (at Y=0.5)
  Grid 100*100
 Grid 120*120
  Grid 150*150
0,5
0.5
Y=y/L
Figure 2.14 Velocity (magnitude) dependence on grids (at X=0.5)
Figure 2.13 and 2.14 show the velocity changes with the refinement of grids at 
surface Y=y/L=0.5 and X=x/L=0.5 respectively. It is found that at near-wall region the 
velocity changes faster than other place. On the surface of Y=0.5, at X»0.05, the first 
summit of velocity magnitude, the velocity decrease from 0.918 to 0.893 and to 0.875 
when the grid is fined from 100*100 to 120*120, and to 50*150, decreasing about 2.8%
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and 2.0%, respectively. At X;«0.95, another summit, the velocity magnitude changes 
from 1.03 to 1.0 and to 0.98 with the refinements, decreasing about 2.9% and 2.0%, 
respectively. On the surface of X=0.5, at Y «0.07, the first summit of velocity magnitude, 
the value decrease from 0.89 to 0.85 and to 0.83 when the grid is refined, decreasing 
4.5% and 2.3%, respectively; while at Y « 0.95, the second summit, the velocity 
magnitude decreases from 0.94 to 0.9, and to 0.87 with the refinement of grids, 
decreasing 4.2% and 3.3%, respectively. The maximum change of velocity is less than 
4% when grid points larger than 120*120 and the change can be neglected.
From the analysis of solution dependence on grid refinement, it is found when grids 
are finer than 120*120, the maximum change of velocity and temperature are less than 
4.0% with the grid refinement, so it can be concluded that the steady solutions for 
velocity and temperature are grid-independence.
To check the grid dependence of mass transfer, the oxygen concentration in bulk flow 
is considered. The bulk concentration is a function of time, which is defined as:
f [c{X,Y,t*)dXdY
Fig 2.15 shows the change of bulk oxygen concentration in BLE with the refinement 
of grids. When the grids are refined from 100*100 to 120*120, there are small change of 
the bulk concentration, but from 120*120 to 150*150, the change is negligible. At 
equilibrium, the bulk concentrations o f oxygen for three grids are about 0.2746, 0.2695 
and 0.2723, respectively. The changes are 1.8% and 1%, respectively, both of which are 
negligible. Therefore, the mass transfer is grid independent when the grids is finer than 
100*100 points
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Figure 2.15 Bulk concentration dependence on grids (Sc=2.72)
In summary, the solutions of this problem can be considered as grid independence. 
The results presented and analyzed in Chapter 3 are based on the scheme of grid 150*150.
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CHAPTER 3
RESULTS AND DISCUSSION 
3.1 Results and Discussion of Oxygen Transport in 2D Laminar LBE System
Holman [31] found that for the free-convection flow in an enclosed space, in order to 
form the laminar flow regimes for the vertical convection layer, the Rayleigh number 
should be less than 10 .̂ The natural LBE flows induced hy the combinations of different 
temperature difference ( AT = T ^-T ^)  and the characteristic length L of computational 
domain have been analyzed at a temperature of 500°C. It is found that when Rayleigh 
number is higher than 10^, steady solutions for velocity and temperature converge very 
slowly, or even became divergent, and in some cases, bifurcations occur.
In the analysis of this thesis, the combination of temperature difference and 
characteristic length of the geometry is chosen as A T  = 0.01 "C and 2=0.2, and the 
operation temperature at which the properties of LBE are estimated is = 500"C , the
corresponding Rayleigh number is about 67083.6, less then 10 ,̂ thus the liquid metal 
flows are laminar. The characteristic velocity under such conditions is
-  ^gPATL  % 1.502x10  ̂(m/s). The time needed for velocity to reach steady state is
about L/ -yJgĴ ATL «133 (s) and for temperature is about L^/a « 4x10^ (s). The
characteristic diffusion time U (= L^/D) is introduced to represent the diffusion time scale 
that describes the duration of full oxygen admixture by pure diffusion [54], which is in
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the order of 10  ̂ s in our simulation. Compared to the oxygen diffusion time, the time 
needed for velocity and temperature to reach steady states can be neglected. Therefore, 
the unsteady terms of momentum flow and energy in Eq. 2.31 and Eq.2.32 can be 
neglected and only the steady-state solutions are considered in the analysis of oxygen 
transport in such flow. The steady-state velocity distribution and isotherms are shown in 
Figure 3.1 for the three temperature boundary conditions defined in Figure 2.1.
(a) Case a
B
I////'"
(b) Case b
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(c) Case c
Figure 3.1 Distributions of velocity and temperature for three temperature conditions 
(Left is the vector of velocity; Right is isotherms)
From the velocity vector plots in Figure 3.1(a), it is found that there are five vortical 
cells, one bigger anti-clockwise cell taking over almost the whole domain and a smaller 
one at each comer of the container in the case a when the bottom wall is heated, the top 
wall cooled and other walls insulated. The horizontal isotherm distribution is distorted 
because due to the strong convection flow. For Case b, as shown in Figure 3.1(b), two 
bigger vortical cells symmetrically along the vertical centerline of the container and four 
smaller cells at the comers are found when the sidewalls are heated and the top cooled 
and the bottom adiabatic. While from Figure 3.1(c), for Case c, similar to Case a, five 
vortical cells are found but the dominating bigger cell is clockwise and the isotherms are 
distorted by the intensive convection flow. The maximum values of velocity magnitude 
for the three cases are 1.34x10'^ m/s, 1.19x10“̂  m/s and 1.60x10"^ m/s, respectively, 
which indicate that Case c is the most efficient way to enhance the flow convection.
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After calculating the steady-state velocity and temperature, the unsteady-state mass 
transfer of oxygen in LBE is numerically analyzed. The time dependence concentration 
of oxygen is obtained. Three oxygen diffusivity values, 1.0x10'^, 2.0x10'*, and 5x10'*
m^/s with corresponding Schmidt numbers (Sc  = =3.6, 6.8 and 2.72 respectively) are
pD
considered. For simplicity, Sc=2.72 is taken as an example, the oxygen concentration 
distributions at different moment (t=500s, 1500s, 5000s, 10000s and 3000s) are shown in 
Figure 3.2 for the temperature boundary conditions respectively. Similar contours can be 
obtained for other Schmidt numbers.
(i) 500s
(iv) 10,000s
(ii) 1,500s
,
(iii) 5,000s
(v) 30,000
(a) Case a
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(i) 500s
(i) 500s
Figure 3.2
(iv) 10,000s
(ii) 1,500s (iii) 5,000s
(v) 30,000s
(b) Case b
:
(ii) 1,500s (iii) 5,000s
(iv) 10,000s (v) 30,000s 
(c) Case c
Contours of oxygen distribution at different times for the three 
temperature boundary conditions (Sc=2.72)
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At 500s, it is noted that oxygen only spreads to the upper part of the container from 
the free surface for all the three temperature boundary conditions: for Case a, oxygen 
distributing quicker at the left upper part than the right side, but in Case b the middle part 
is quicker and Case c quicker at the right side, which are in agreement with the direction 
of the convection flows. As time increases, oxygen is transferred from the upper part to 
the lower part by the convection flow. After 5000s, it is found that the contours of oxygen 
concentration distribution are similar to their velocity distribution, which indicates that 
the natural convection flow is the dominant driving forces for the oxygen transfer.
To explore the impact of oxygen diffusivity (or Schmidt number) in LBE, the bulk 
concentration of oxygen (Eq. 2.90) in LBE is studied with three Schmidt numbers (2.72, 
6.8 and 13.6) for the three temperature boundary conditions.
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Figure 3.3 Changes of bulk concentration of oxygen with time and Schmidt number
under the three temperature boundary conditions
Figure 3.3 illustrates the changes of bulk concentration of oxygen with Schmidt 
number for each boundaiy condition case. It demonstrates that oxygen concentration in 
the bulk flow increases with time until it reaches equilibrium, after which the 
concentration in the bulk concentration is maintained. From Figure 3.3 it also can be
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found that Schmidt number (or the diffusivity) plays a role in the oxygen transport 
process: the lower the Schmidt number, the quicker the bulk oxygen concentration 
reaches equilibrium.
To check the impact of temperature boundary conditions on oxygen transport, the 
bulk concentration of oxygen has been analyzed with the same diffusivity for the three 
temperature boundary conditions.
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Impacts of temperature boundary conditions on oxygen concentration
Figure 3.4 illustrates the changes of the bulk concentration oxygen with time under 
the three temperature boundary conditions when the Schmidt number is equal. Three 
different Schmidt numbers are considered (2.72, 6.8 and 13.6) and the results are shown 
in Figure 3.4(a), (b) and (c), respectively. The results demonstrate that with the same 
Schmidt number (or diffusivity), the bulk concentration of oxygen in Case a is the first 
reaches equilibrium and the value of it is the highest among the three cases, which 
indicates that case a is quicker to produce a stable oxygen distribution environment. The 
second is the case e. The difference of oxygen bulk concentration between Case a and 
Case e are small and mainly at the beginning of the process.
To quantify the oxygen flux through the free surface, Sherwood number at the free 
surface has been studied for the free temperature cases with three Schmidt numbers.
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Sherwood number is used to characterize mass transfer rate of oxygen entering into
kL
LBE at the free surface, which is defined as Sh = —  , where, k (m/s) is the oxygen mass
transfer coefficient at the liquid surface. Based on the conservation of mass at the gas- 
liquid interface, the local Sherwood number on it can be expressed
1 d c ( x , Y , n .
as Sh(X ,t*) = iy=i ) which indicates the local Sherwood numbera y
at the free surface is a function of time at any specific position (in X direction). The
  1
average Sherwood number is calculated hy Sh{t*) = ^Sh{X ,t*) d X .
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Figure 3.5 Schmidt number at the free surface for the three temperature boundary 
conditions (left: average Sherwood number; right: local Sherwood number)
The time dependence of the average Sherwood and the change of local Sherwood 
number with position for each case are shown in Figure 3.5. For all cases, the average 
Sherwood numbers decreases quickly with time until they reach equilibrium. The 
transition time for is less than 200s for every case, which indicates that most oxygen
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enters the liquid LBE from the free surface in less than 200s after the cover gas is added 
to the system. In addition, the comparing with the time for the bulk concentration to reach 
steady state (>15,000s for all cases based on Figure 3.4), the transition process of oxygen 
at the free surface is negligible, so it is reasonable to assume the oxygen dissolving at the 
free surface is at equilibrium. Figure 3.5 also demonstrates that the lower the Schmidt 
number (or higher diffusivity), the lower the Sherwood numbers are for both the average 
Sherwood number and the local Sherwood number at steady-state.
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Figure 3.6 Comparison of the average Sherwood number at the free surface for three 
temperature boundary conditions (Sc=2.72)
Figure 3.6 demonstrates the comparison of the average Sherwood number change 
with time with the same Schmidt number. It is found that Case c has the largest 
Sherwood number in most time of the transition process and at equilibrium. The second 
is Case a and the last is Case b. The higher the Sherwood number, the quicker the mass
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transfer. Therefore, Case c is the best for enhancing natural convection flow and oxygen 
transport.
Based on the Pick’s first law, the flux of oxygen into steel surfaces can be calculated
dc ÔC dc dc
lj-=0 at thehy q = D —  , so the fluxes are q = D —  I , Q = —  L_, , and q = D
vertical left wall, vertical right wall and horizontal bottom wall, respectively. The impact 
of Schmidt number (or diffusivity) on the flux of oxygen into steel surfaces has been 
studied. For simplicity, taking Case b as an example, the distributions of dimensionless
D[m^/s]dC
a%
oxygen flux ( D — , w here/) ^ is the dimensionless diffusivity) into
1.0x10-“[/mV s]
the side walls (the left and the right are the same for symmetry) and the bottom wall are 
shown in Figure 3.7 (1) and (2), respectively.
(1) At sidewalls (2) At bottom wall
Figure 3.7 Oxygen flux at steel-liquid LBE surfaces (Case b)
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It is found that lower Schmidt number (or higher diffusivity) produces higher oxygen 
fluxes. As the natural convection is non-uniform, the flux distributions are thus non- 
uniform, the higher the velocity, the higher the flux is. For example, at the bottom, as the 
gradient of momentum at the center is bigger than the ends, it is easy to find from Figure 
3.7(2) that the oxygen flux at this part is higher than the ends too.
To estimate the efficiency of oxygen control under the natural convection induced 
LBE systems, the rate of oxide layer formation on steel surface is analyzed based on the 
reaction 3>Fe-\-AO{alloy) = Fe^O^ on steel surfaces. Assuming the oxygen that entered 
into the steel surface is consumed completely by the oxidation of Fe and Fe^O^ is 
insoluble in LBE, then the thickness of formed during a period can be derived
from the flux of oxygen into the surface according to the reaction of Fe oxidization. The 
more oxygen enters into the steel surface, the thicker the oxide layer will be.
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Figure 3.8 Thickness of oxide layer formed in one year (Sc=2.72)
Figure 3.8(a), (b) and (c) show the thickness o f oxide layer formed in a year on the 
left sidewall, the right sidewall and the bottom wall of the container, respectively for all
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the three temperature boundary conditions, with a Schmidt number of 2.72. Similar 
curves can be obtained for other Schmidt numbers. The results show that the rate of the 
formation of oxide layer is very low, less than 1mm per year for all surfaces under the 
three temperature boundary conditions. At different positions, the rate of oxide layer 
formation is quite different and under different thermal boundaries, the rate is quite 
different, too. On the vertical left sidewall, for Case a, above Y (=y/L)>0.24, the rate 
increases quickly due to the intensive convection flow and a higher oxygen flux, while at 
the lower part, the oxide layer is quite uniform and very thin (less than 0.04 mm/year); 
for Case b, the lower part (Y<0.6) is relatively more thicker than the upper part and the 
oxide layer in case b is more uniform than other cases; for Case c, on the top part (over 
Y>0.8), there is a quick increase of oxidization rate which is due to the small vortex at 
comer in which oxygen cannot be transferred to the bulk flow. On the vertical right 
sidewall, for Case a, the oxidization is similar to the left wall for the Case c, while the 
case c is similar to the Case a on the left sidewall. The right side for Case b is the same as 
that of the left due to the symmetry operation conditions and the container shape. At the 
bottom wall, for Case a, the thicker oxide layer is formed at the left part of the surface 
while for Case b is at the center and Case c at the right side, which is determined by the 
intensity of convection flow. The stronger the convection, the thicker the oxide layer will 
be.
3.2 Results and Discussion of Oxygen Transport in 3D Laminar LBE System
Oxygen transport in the 3-D extension of the 2-D temperature boundary condition of
Case c has been numerically analyzed , in which the two surfaces in z-direction are 
assumed adiabatic. The process of oxygen transport is illustrated by the development of
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iso-surfaces of oxygen concentration distribution in the container. For simplicity, an iso­
surface for oxygen concentration of 0.35 (dimensionless) at different moment (t=500s, 
3,000s and 30,000s) is illustrated in Figure 3.9. Figure 3.9(a) shows that at 500s, the 
oxygen only spreads to the upper part of the container from the free surface. As time 
increase, at 3000s as shown in Figure 3.9(b), oxygen spreads obviously faster along the 
right sidewall than other places, which indicates that natural convection is the dominant 
driving force for oxygen transfer. At 30,000s, the bulk concentration of oxygen has 
reached equilibrium. The iso-surface looks like a big vortex, which is shown in Figure 
3.9(c).
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(a) t = 500s
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Figure 3.9 Iso-surface illustrated oxygen transport process (C =0.35, Sc=2.72,
Ra=67083.6 in case c)
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3.3 Results and Discussion o f Oxygen Transport in 2D Turbulent LBE System
In the study of this thesis, a computational study of oxygen transport in a fully 
turbulent LBE flow with a high Rayleigh number is performed. The boundary condition 
of temperature is shown in Figure 2.1(c), heating at the left sidewall and cooling at the 
right sidewall of the container, other walls insulating.
Oxygen transport in buoyancy induced turbulent LBE flow in an enclosure is 
numerically analyzed. The temperature boundary condition is the case of Figure 2.1(c), 
heated at the left sidewall and cooled at the right sidewall of the 2-D container. To 
produce fully developed turbulent flow, the length of the container is assumed to be 
L=0.8m, the hot wall is at 750"C and the cold wall is at 350"C, both of which are 
assumed isothermal. The properties of LBE are estimated at 500 "C. For this situation 
/3{T -T^)^  0.046« 1 ,  so the Boussinesq approximation is valid. The Rayleigh number
is Ra -  p  ^  ̂ therefore the buoyancy induced flow is fully turbulent.
jua
The Prandtl number is Pr = % 0.01375.
p a
The characteristic velocity under such conditions is IJ  ̂ = -yJg^ATL « 0.6 (m/s). The
distributions of the convergent velocity, temperature and turbulent viscosity are shown in 
Figure 3.10(a), (b) and (c), respectively. Due to the high Rayleigh number, thin boundary 
layers of velocity and temperature have formed along the vertical and horizontal walls. 
The liquid LBE near the vertical walls is driven to flow vertically along the wall while in 
the area near the horizontal walls it is forced to flow horizontally along the wall, which 
produces a complicated contour of velocity.
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(a) Vector of velocity (b) Isotherms
(c) Turbulent viscosity 
Figure 3.10 Distribution of solutions for turbulent flow (Ra # 1.71x10")
From Figure 3.10 (a), it is found that at the core of the enclosure, the flow is 
horizontal but its direction changes several times due to the effect of walls. The 
maximum value of the velocity magnitude is about 0.187 m/s, much higher than that of 
laminar flow (1.60x10”̂  m/s in Case c). So turbulent flows are much more efficient to 
enhance oxygen transport than laminar flows. Figure 3.10(b) shows the isotherms are
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severely deformed so that the core of the enclosure is thermally stratified. Figure 3.10(c) 
shows that the turbulent viscosity is concentrated on part of the vertical boundary layers 
due to the strong effect of natural convection flow. The maximum turbulent viscosity is
2.18 kg/m-s, so the turbulent diffusion coefficient (D , = —— %» 2.97 kg/m-s) is much
Sc.
higher than the molecular diffusion coefficient {pD  » 5.06x10 ‘kg/m-s).
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Figure 3.11 Distributions of oxygen in turbulent LBE at different times (Case e,
Sc-2.72)
The distributions of oxygen concentration in turbulent flow at various times are 
shown in Figure 3.11. These show that oxygen diffusion from the free surface is quickly
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transferred to the lower part by the natural flow. It is found that after 150s, the oxygen 
distribution contour is similar to the flow contour, and at about 600s, oxygen is 
transported to the whole domain. After 1200s, the change of the contour of oxygen 
distribution can be neglected.
0 .1 5
0.1
0 .0 5
600 
Time (s)
1200
Figure 3.12 The change of oxygen bulk concentration with time (Case c)
Figure 3.12 illustrates the dependence of the bulk concentration of oxygen on time 
and difftisivity. The time needed for the oxygen concentration in the bulk flow to reach 
equilibrium is about 1000s, which is much quicker than that needed the laminar flow 
(>15,000s). At equilibrium, the bulk concentration of oxygen in turbulent flow is much 
lower than that in laminar flow, for example, at Sc=2.72, the concentration is about 0.27 
(dimensionless) in laminar flow, but it is only about 0.13 (dimensionless) in turbulent 
flow because the oxygen consumption in turbulent flow is mush faster than that in 
laminar flow. In addition, there is a higher hulk concentration with a smaller Schmidt 
number.
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In tu rbu len t LBE flow 
In laminar LBE flow
X (d im e n s io n le s s )
Figure 3.13 Comparison of the loeal Sherwood number at the free surface in turbulent 
and laminar LBE systems (case c, Sc=2.72)
To quantify the oxygen flux into the container at the free surface, the local Sherwood 
number is checked at equilibrium. Figure 3.13 shows the distribution of local Sherwood 
number at the free surface and its comparison with that of laminar flow. Compared with 
the laminar Sherwood, the turbulent Sherwood is much higher. Hence it indicates that the 
flux of oxygen at the free surface in turbulent flow is much higher than that in laminar 
flow at equilibrium.
Assuming there is no scale removal and a continuous oxide layer is formed, the speed 
of the oxide layer formation in turbulent flow is checked and compared with the results 
obtained in turbulent flow with the same Schmidt number (Sc=2.72). Figure 3.14 shows 
the thickness of the oxide layers that may be formed in one year: (a) for the bottom 
sidewall; (b) for the vertical sidewalls. It is found that the rate of oxidization in turbulent 
flow is much quicker than that in laminar flow. And on the right sidewall and the right 
side of the bottom wall, this rate is higher than that of the left, which is due to the
81
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stratified of the flow so that oxygen can not effectively be transferred and mixed in the 
whole domain but stay at the upper right comer of the container.
2.5
In tu rbu len t LBE flow 
In lam inar LBE flow
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X (d im e n s io n le s s )
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(a) At the bottom wall
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Figure 3.14 Comparison of the formation of oxide layers on container surface in
turbulent and laminar LBE system (Case c, Sc=2.72)
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CHAPTER 4 
CONCLUSION AND REMARKS
4.1 Conclusions
Based on the theory of active oxygen control, the oxygen transport process by natural 
convection induced LBE flow in an enclosure has been numerically analyzed. Various 
factors affecting the transport and mixing in LBE such as temperature boundary 
conditions and diffusivity of oxygen have been studied. As illustrated by the simulated 
results, several conclusions can be drawn;
1. Natural convection can effectively enhance the oxygen transport and mixing in 
a LBE system by properly designing a temperature boundary. Natural convection flow is 
the dominant driving force on oxygen transport in oxygen control systems. It can greatly 
improve the flux of oxygen into steel surface and thus accelerate the formation of oxide 
layer.
2. The design of temperature boundary conditions in the system has great impact 
on the enhancement of oxygen transport and mixing and on the formation of oxide layer. 
In order to obtain the highest efficiency in oxygen transport and mixing, the temperature 
boundary condition of Case c can be used for laminar flow.
3. The diffusivity/Schmidt number of oxygen in LBE plays an important role in 
the oxygen transport and mixing and in the formation of oxide layer on steel surface.
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Higher diffusivity (or lower Schmidt number) can greatly enhance the oxygen transport 
and mixing and the formation of oxide layer.
4. Oxygen transport in a turbulent LBE system is much faster than in a laminar 
system. But a laminar system can provide more uniform oxygen distribution environment 
with a higher oxygen concentration in bulk flow at equilibrium.
4.2 Recommendations for Future Work
1. Further determine the rule of oxide layer growth. Through weight measurements, 
it has been found that the growth of the thick films (>1 fjm) obeys parabolic kinetics. 
However, the parabolic growth rate, which depends on the operation conditions, has not 
been well understood at present. Moreover, scale removal has not been considered in 
most studies.
2. Further study the oxygen behaviors in turbulent LBE flow. The standard k - s  
model has been found not to be suitable for the simulation of turbulent flow in Case a and 
Case b. New models are required to further study the oxygen transport and oxide layer 
growth in such cases.
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APPENDIX
NOMENCLATURE
a Activity
c Concentration of materials in LBE (wt%: weight fraction; at%: mole
fraction)
C Dimensionless concentration
Solubility of materials in LBE
Cp Thermal capacity (kJ/kg-k)
D Molecular diffusion coefficient (m^/s)
D, Turbulent diffusion coefficient (m^/s)
AF° Standard free energy
g  Gravity acceleration vector (m/s^)
J  Diffusion flux
k  Boltzmann constant
L  Characteristic length of the container
r radius of atoms
R  Universal gas constant (8.3144 J/mol/K)
Ra Rayleigh number, g^AT Ü p/(ua)
Re Reynolds number, UcLp/p
p  Pressure (Pa)
Pjj Q Partial pressure of H 2 O
Partial pressure of H 2  
Partial pressure of O2
Pe Peclet number, UcL/a
Pr Prandtl number, p/(pa)
Sc Schmidt number, p/(pD)
Sc, Turbulent Schmidt number
Sh Local Sherwood number, Sh = kL/D
Sh Average Sherwood number
T  Temperature
7  ̂ Temperature at hot walls of the container
7̂  Temperature at cold walls of the container
T +T
7], Operation temperature 7  ̂ = —-------
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t time
t_, Diffusion time scale, Ü/D
L
Characteristic time (s),
^P gL A T  
ü Velocity vector (m/s)
H ,  U Velocity (m/s) and dimensionless velocity component in the x axis
V, V  Velocity (m/s) and dimensionless velocity component in the y axis
Characteristic velocity (m/s), ^PgLidhigh-^iow)
X Horizontal coordinate (m)
X  Dimensionless horizontal coordinate, X=x/L
y  Vertical coordinate (m)
Y  Dimensionless vertical coordinate, Y=y/L
a  Thermal diffusivity (m^/s)
P  Thermal expansion coefficient (1/K)
T - T
6 Dimensionless temperature 6  ------- —
T , - T ,
Y Activity coefficient
p  Dynamic viscosity (kg/m-s)
p, Turbulent viscosity
Y Kinetic viscosity(mVs)
p  Density (kg/m^)
CO, Ü  Vorticity (1/s) and dimensionless Vorticity, Q  = (L/Uc)co
y/, W Stream function (m^/s) and dimensionless Stream function
86
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
10. D. Sapundjiev, S. Van Dyck, et al., “Liquid metal corrosion of T91 and A316L 
materials in Pb-Bi eutectic at temperatures 400-600 “C ”, Corrosion Science (in 
process), available on line 13 May, 2005
11. T.Furukawa, G Muller, et al., “Effect of oxygen concentration and temperature on 
compatibility of ODS steel with liquid. Stagnant Pb45Bi55”, Journal of Nuclear 
Materials 335 (2004) 189-193
12. Masatoshi Kondo, et al., “Metallurgical study on erosion and corrosion behaviors 
of steels exposed to liquid lead-bismuth flow”. Journal of Nuclear Materials 343 
(2005)3439-359
13. Georgi Ilincev, “Research results on the corrosion effects of liquid heavy metals 
Pb, Bi and Pb-Bi on structural materials with and without corrosion inhibitors”. 
Nuclear Engineering and Design 217 (2002) 167-177
14. Georgi, Ilincv, Dalibor Kamik, et al., “The impact of the composition of structural 
steels on their corrosion stability in liquid Pb-Bi at 500 and 400 °C with different 
oxygen concentrations”. Journal of Nuclear Materials 335 (2004) 210-216
15. F. Barbier, A. Rusanov, “Corrosion behavior of steels in flowing lead-bismuth”. 
Journal of Nuclear Materials 296 (2001) 231-236]
16. G. Muller, A.Fieinzel, J.Konys, et al., “Behavior of steels in flowing liquid PbBi 
eutectic alloy at 420-600 after 400-7200h”, Journal of Nuclear Materials 335 
(2004)163-168
17. J. Zhang, Ning Li, et al., “Corrosion behaviors of US steels in flowing lead- 
bismuth eutectic”. Journal of Nuclear Materials 336 (2005)1-10
18. F. Balbaud-Celerier, F. Barbier, “Investigation of models to predict the corrosion 
of steels in flowing liquid lead alloys”. Journal of Nuclear Materials 289(2001) 
227-242
19. L.F. Epstein, Liquid Metals Technology, 20 (1957) 67-80
20. J. Sannier, G. Santarini, “Etude de la corrosion de deux aciers ferritiques par le 
plomb liquide circulant dans un thermosiphon; recherché d’un modèle”, Journal 
of Nuclear Materials 107 (1982)196-217
88
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
21. J. Zhang, N. Li, “Parametric study of a corrosion model applied to lead-bismuth 
flow systems”. Journal of Nuclear Materials 321 (2003) 184-191
22. J. Zhang, N. Li, “Dynamics of High Temperature Oxidation Accompanied by 
Scale Removal and Implications for Scale Removal and Implications for 
Technological Applications”, Journal of Nuclear Materials, 342 (2005) 1-7
23. J. Zhang and N. Li, "Review of Studies on Fundamental Issues in LBE 
Corrosion," Los Alamos National Labortory
24. Remy, F.N., M. Bouchacourt, “Flow-assisted corrosion: a method to avoid 
damage” Nuclear Engineering and Design 133 (1992) 23-30
25. Lyutyi, E.M., Soviet Union Materials Science 24 (1988) 441-450
26. J. R. Weeks, “Lead, bismuth, tin and their alloys as nuclear coolants”. Nuclear
Engineering and Design, 15 (1971) 363-371
27. J.R.Weeks, ASME Transaction Quarter 58 (1965) 302
28. B.F. Grovmov, Yu. S. Belomitcev et al. “Use of lead-bismuth coolant in nuclear
reactors and accelerator-driven systems”. Nuclear Engineering and Design 173
(1997) 207-215
29. J.R. Weeks, A.J. ROMANO, Corrosion 25(3) (1969) 131-140
30. S. Baneqee, Proceedings: 5th International Congress on Metallic Corrosion, 
Tokyo, Japan, May 21-27,1974
31. J. P. Holman, Heat Transfer, The McGraw-Hill Companies, Icc., Eighth Edition, 
1997.
32. W.M. Robertson, Trans. TMS-AIME 242 (1968) 2139
33. S.J. Rothman, L.D. HALL, Journal of Metals 206 (1956) 199
34. A. Einstein, Annalen Der Physik 17 (1905) 549
89
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
35. (  K .J .K in ^ “Turbulent Natural Convection in Rectangular Air Cavities, Ph.D. 
îrêf^ieen Mary College, London, U.K., 1989”.
36. F. Balbaud-Celerier, A. Terlain, et al., “Corrosion of Steels in Liquid Lead Alloys 
Protected by an Oxide layer Application to the MEGAPIE target and to the 
Russian Reactor Concept BREST 300”, Report Technique RT-SCCME 630, CE A 
Report (2003)
37. J. Zhang, N. Li, et al.. Progress in Materials Science, (in press, 2004)
38. J. Zhang, “Review of studies on fundamental issues in LBE corrosion”, LA-UR- 
04-0869
39. GORYNIN, I.V., KARZOV, et al., “Stmcture Materials for Power Plants with 
Heavy Liquid Metals as Coolants,” Proceedings: Heavy Liquid Metal Coolants in 
Nuclear Technology, Vol. 1 (HLMC-98), Obninsk, Russia, 120
40. J. Zhang, “Corrosion/precipitation in non-isothermal and multi-modular LBE loop 
systems”. Journal of Nuclear Materials 326 (2004) 201-210
41. Xiaolong Wu, “Instrumentation of YSZ Oxygen Sensor Calibration in lead- 
bismuth eutectic”. Master’s thesis at UNLV, 2004
42. Ramkumar Sivaraman, “Calibration of YSZ sensor for the measurement of 
oxygen concentration in liquid PBE”, Master’s thesis at UNLV, 2003
43. J. Ma, P. Guo, et al, “Enhancement of Oxygen Transfer in Liquid Lead-Bismuth 
Eutectic by Natural Convection,” ASME Heat Transfer Conference, July, 
Charlotte, NC, 2004
44. R. Selver, Y. Kamotani et al., “Natural convection of a liquid metal in vertical 
circular cylinders heated locally from the side”. Journal of Heat Transfer 120
(1998) 108-114
45. E. Bilgen, X. Wang, et al., “On the periodic conditions to simulate mixed 
convection heat transfer in horizontal channels”. Numerical Heat Transfer, Part A, 
27 (1995) 461-472
90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
46. I. E. Sams, I. Lekakis, et al., “Natural convection in a 2D enclosure with 
sinusoidal upper wall temperature”. Numerical Heat Transfer, Part A, 42 (2002) 
513-530
47. R. Cheesewright, S. Ziai, “Distributions of Temperature and Local Heat-Transfer 
Rate in Turbulent Natural Convection in a Large Rectangular Cavity”, Proc. 8 th 
INt. Heat Transfer Conf, San Franciso, pp. 1465-1470, 1986
48. R. Viskanta, D. M. Kim, et al., “Three-dimensional natural convection heat 
transfer of a liquid metal in a cavity”, International Journal of Heat and Mass 
Transfer 29 (3) (1986) 475-485
49. G.V. Samsonov (Ed.), “The Oxide Handbook, 2nd Ed.”, IFI/Plenum, New York, 
1982 (translated by R.K. Johnston)
50. T. W. Darling, N. Li, “Oxygen Concentration Measurement in Liquid Pb-Bi 
Eutectic”, Proc. AccApp-ADTTA’Ol, Reno, NV, 2001
51. Sadik Kakad, Yaman Yener, “Convective Heat Transfer”, 2nd edition, CRC Press
52. LG. Currie, “Fundamental Mechanics of Fluids”, 3rd Edition
53. R. Cheesewright , K.J. King, et al., “Experimental data for the validation of 
computer codes for the predicition of two-dimensional buoyant cavity flow”, Proc. 
ASME Meeting HTD, Vol. 60, pp.75-81, 1986
54. A. Y. Gelfgat, “Convection-induced enhancement of mass transfer through an 
interface separating two immiscible liquids in a two-lay horizontal annulus”. 
Physics of Fluids 15 (3) (2003) 790-800
55. H.S. Dol, K. Hanjalic, “Computational study of turbulent natural convection in a 
side-heated near-cubic enclosure at a high Rayleigh number”, International 
Journal of heat and mass transfer 44 (2001) 2323-2344
56. P.W. Longest Jr., C. Kleinstreuer, et al., “Turbulent three-dimensional air flow 
and trace gas distribution in an inhalation test chamber”. Journal of Fluids 
Engineering, 122 (2000) 403-411
91
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57. R.A.W.M. Henkes, C.J. Hoogendoom, “Numerical Heat Transfer”, Part B, 28:59- 
78, 1995
58. H. Lomax, T.H. Pulliam, et al., “Fundamentals of computational fluid dynamics’
59. J.H. Ferziger, M.peric, “Computational Methods for Fluid Dynamics”
60. Herbert A. Koenig, “Modem Computational Methods”
92
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
VITA
Graduate College 
University of Nevada, Las Vegas
Xianfang Tan
Local Address:
1600, E. University Ave., Apt. #141 
Las Vegas, NV 89119
Degree:
Bachelor of Science 
Electrical Engineering, 1997
Yanshan University, Qinhuangdao, Hebei, People’s Republic of China 
Master of Science
Control Theory and Control Engineering, 2002 
Tianjin University, Tianjin, People’s Republic of China
Publications and Conference Presentations:
1. Xianfang Tan, et al, “A Kinetic corrosion/Precipitation Model in Non- 
isothermal LBE systems”, ANS Student Conference, Columbus, OH, April. 
13-16, 2005. (Abstract and presentation)
2. Xianfang Tan, et al, “Oxygen Transport by Natural Convection in Liquid 
Lead Bismuth Eutectic Filled Enclosures”, ANS Student Conference, 
Columbus, OH, April. 13-16, 2005. (Abstract is on review)
3. Taide Tan, Xianfang Tan, et al, ’’Turbulent Diffusion Effect on 
Corrosion/Precipitation in Non-isothermal LBE Loop Systems” (Abstract is 
on review)
Thesis Title: Numerical Analysis of Oxygen Transport in Liquid Lead Bismuth 
Eutectic Systems
Thesis Examination Committee:
Chairman: Dr. Yitung Chen, Ph. D 
Committee Member: Dr. Robert Boehm, Ph. D 
Committee Member: Dr. Samir Moujaes, Ph. D 
Committee Member: Dr. Jichun Li, Ph. D
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
